Abstract The central Menabe region still holds the largest remnant of dry forest in western Madagascar. These forests are home to high floral and faunal diversity including a number of local and regional endemics. The forests of the central Menabe have been classified as conservation hotspots. However, pressure on these forests is strong and deforestation continues on a large scale. To quantify recent forest loss, we used a series of satellite images for estimating annual deforestation rates. The overall rate was 0.67 %, but it accelerated during certain periods to over 1.5 % with a maximum of 2.55 % per year between 2008 and 2010. Not all areas within the forest block of the central Menabe are affected similarly. Areas surrounding existing clearings show the highest losses of largely undisturbed forest. If deforestation continues at the same rate as during the last years, 50 % of the 1973 forest cover will be gone within the next 11-37 years.
Introduction
Madagascar, the world's fourth largest island of approximately 587,000 km 2 , is located off the south-eastern coast of Africa. It is regarded as one of the major biodiversity hotspots (Myers et al. 2000) , because it harbours exceptional biota with high overall diversity and levels of endemism (Goodman and Benstead 2005) . At the same time, its plant and animal species are among the most endangered (Mittermeier et al. 2004; IUCN 2011) . As in other parts of the tropics, habitat loss and fragmentation are among the most pervasive causes of biodiversity loss (Laurance et al. 2000; Geist and Lambin 2002; Fahrig 2003; Gardner et al. 2010; Irwin et al. 2010) . The vast majority of the terrestrial biota is forest dependent, but deforestation has reached alarming proportions. Although historical estimates of national forest cover of Madagascar are difficult and somehow controversial (e.g. Dufils 2003) , the tendency of forest loss is obvious. Dufils (2003) reported deforestation rates for evergreen forest formations of 102,000 ha per year in the period from 1950 to 1999. These estimates are similar to those of Green and Sussman (1990) for the eastern rain forests which had lost 50 % between 1950 and 1985 with a rate of 111,000 ha per year.
Monitoring and analysing deforestation in Madagascar was focussed on the eastern humid forests (Green and Sussman 1990; Nelson and Horning 1993; Dufils 2003; Bollen and Donati 2006; Vågen 2006) . However, deforestation rates in the western dry deciduous forests with their comparable levels of endemism and biodiversity were similarly high or even higher (Smith 1997; Whitmore 2000; Harper et al. 2007; Scales 2011) . It was estimated that over 97 % of Madagascar's dry deciduous forests had already disappeared by the year 2000 (WWF 2001 ) and with them unique aspects of Malagasy biodiversity (Whitmore and Sayer 1992; Ganzhorn et al. 2001; Allnutt et al. 2008) . This matches the situation of most tropical dry forests that have been neglected due to an emphasis on humid tropical forests (Janzen 1988; Lerdau et al. 1991; Bellefontaine et al. 1997) .
Causes for forest removal in Madagascar vary regionally (Gorenflo et al. 2011) . However, the main direct cause of forest loss in western Madagascar is deforestation through intentional burning to clear land for agriculture, locally known as hatsake, either for subsistence or for the market production (Scales 2011 (Scales , 2012 . With an expanding rural population and increasing degradation of existing arable lands, the pressure on the remaining forest is extremely high. Selective logging poses additional threats to forest habitats (Whitehurst et al. 2009) .
A priority-setting workshop concerning Madagascar in 1995 identified several sites of the dry deciduous forest ecosystem in need of immediate biodiversity protection, among them were the southern and the central Menabe regions (Ganzhorn et al. 1997; Hannah et al. 1998) . In 1997, a large contiguous block of the dry forest in the southern Menabe became legally protected as the KirindyMitea National Park, one of the first national parks in the western forest zone (Décret no 97-1453, 18 December 1997 by the Ministère de l'Environnement, des Eaux et Forêts). The central Menabe region includes the area between the Morondava River in the south and the Tsiribihina River in the north. The northern part of the region, between Tomitsy and Tsiribihina rivers, still contains one of the largest tracts of dry deciduous forests left in Madagascar, the Kirindy-Ambadira Forest Complex (KAFC). Prior to the establishment of Kirindy-Mitea National Park, the only protected area within the region was the Special Reserve Andranomena (approx. 7,000 ha), which is located south of the KAFC and south of the Tomitsy River. However, it has already lost most of the local endemics because of forest degradation Ganzhorn and Schmid 1998; Tidd et al. 2001) .
The central Menabe has experienced a long history of forest conversion into agriculture, both for plantations and subsistence (Scales 2011) , and further conversion of the remaining forests in the central Menabe poses serious threats to the survival of several endemic vertebrates. The global distribution of four vertebrate species is restricted to the forested areas between the Morondava and Tsiribihina rivers, with the last remaining population of the giant jumping rat (Hypogeomys antimena), the largest living endemic rodent of Madagascar (Sommer et al. 2002; Young et al. 2008) ; the only population of Madame Berthe's mouse lemur (Microcebus berthae), the smallest primate of the world Yoder et al. 2000) ; the flattailed tortoise (Pyxis planicauda; Tidd et al. 2001) ; and a frog (Aglyptodactylus laticeps; Glaw et al. 1998; Glos et al. 2008) . Sixteen other vertebrate species with extremely restricted ranges are found in the KAFC including the striped mongoose (Mungotictis decemlineata; Razafimanantsoa 2003) and the white-breasted mesite (Mesitornis variegata; Durbin et al. 2005 ; reviewed by Goodman and Raselimanana 2008) . Tree species diversity is notably high with more than 200 species (Abraham et al. 1996; Rakotonirina 1996) . Current pressures in the region stem primarily from an expanding human population which uses slash-and-burn agriculture (for subsistence and cash crop), legal and illegal selective logging and animal trapping for subsistence. There have been only five legal timber harvesters in the region, four of which held harvesting lots defined by the service of Environment and Forests in the Central Menabe region; all other activity was considered illegal. For instance, during the monitoring of the northeastern corner of the Kirindy Forest in 2002, the Waters and Forests service seized 400 logs and destroyed 40 lemur traps. In order to insure the survival of the endemic species and to protect their habitat, an initiative was launched to improve the legal protection of the KAFC and to create a protected area, called 'Aire Protégée Menabe Antimena' (Ministère de l'Environnement, des Eaux et Forêts 2006) .
To further support the process towards creating a permanent protected area in the central Menabe and to identify deforestation hotspots within the region, we performed a temporal and spatial analysis of forest loss in KAFC for the last 37 years 
Study area
The study area is located in the dry deciduous forest of coastal western Madagascar between the Tomitsy (44°35 0 E, 20°08 0 S) and the Tsiribihina rivers (44°37 0 E, 19°44 0 S) (Fig. 1) . The Kirindy Forest constitutes the southern part and the Ambadira Forest the northern part of the KAFC. In the west, the KAFC adjoins the coastal dunes and marshes, and in the east, the forest borders savannah grassland. The climate is characterized by pronounced seasonality with little or no rain from April to November, followed by a rainy season from December to March (Ganzhorn 1995a; Sorg and Rohner 1996) . The mean annual precipitation between 1906 and 1993 was 767 mm/year (Sorg and Rohner 1996) with a tendency of increased variation over time (Ganzhorn 1995b) . Mean annual rainfall from 2000 to 2009 (including 3 cyclone years) at the research station of the German Primate Center in the Kirindy Forest was 945 mm, also with increased variation over time (Kappeler and Dammhahn unpublished data) .
Forest structure and phenology are not well studied in most parts of the KAFC, with the exception of the concession of the Centre de Formation Professionnelle Forestière, CFPF (now Centre National de Formation, d'Etudes et de Recherche en Environnement et Foresterie, CNFEREF), in the Kirindy Forest (Fig. 1 ). Ganzhorn and Sorg (1996) provide a detailed description of the site characteristics. Forest was described as a dense formation with a closed canopy at least during the rainy season when there is leaf cover and trees rarely exceed 20 m in height. Further information about forest structure and phenology for the CNFEREF concession can be found in Rakotonirina (1996) and Sorg and Rohner (1996) . The KAFC is traversed by the Route Nationale 8 in north-south and in east-west directions by several straight 3-4-m-wide tracks cut through the forest in the 1970s and 1980s for oil exploration.
Methods

Forest classification
The forest in our study area would be classified 'Western dry forest', and it shows a number of traits that are characteristic for seasonally dry deciduous forests (Du Puy and Moat 1996; Moat and Smith 2007) : most trees of the canopy layer are deciduous; a herbaceous layer is absent (except along dirt roads where grasses spread); flowering often precedes the first flush of leaves; and trees show several adaptations to cope with prolonged water stress (Sorg et al. 2003) . For our classification, we followed Rakotonirina's (1996) description of forest structure in the study area and defined forest as stands of trees with dbh [10 cm, a height of [12 m and at least 75 % closed canopy during the rainy season (excluding secondary regrowth, see below).
We established 121 ground control points between 2001 and 2010. Control points were either visited on the ground or, in more remote areas, were evaluated when one of the authors (HA) carried out an aerial survey in 2005. In an area with at least a 50 m radius around each point, we assessed whether the vegetation corresponded to our forest definition. In zones with cleared forest, if not used for agricultural purposes, the vegetation consists of secondary formations, shrub and savannah grassland.
Satellite data and analysis
Remote sensing has been successfully applied in deforestation monitoring in many studies in the tropics including Madagascar (e.g. Nelson and Horning 1993; Viña et al. 2004; Vågen 2006; Duveiller et al. 2008; Hansen et al. 2008) . With the opening of the Landsat 7 archive by the US Geological Service (USGS) in January 2009, a wide array of satellite scenes became available. To cover our complete study period of more than 35 years, we had to use data from a variety of sensor systems, because no single system was in operation long enough. Thus, four Landsat 7 scenes, together with one Landsat 1, two Landsat 5 and two ASTER scenes were the base for the establishment of the deforestation time series. Figure 2 shows scene dates used for this analysis. All scenes have been resampled to the extent and spatial resolution (pixel size 30 m 9 30 m) of the 1992 Landsat scene. We aimed to select satellite scenes which were maximally cloud free and which did not represent data from the rainy season. Most of our selected scenes were sampled in May or June when the agricultural areas were already harvested and in comparison with forest almost vegetation free. Forests and harvested agricultural areas showed a significant difference in near infrared reflection and could therefore be distinguished clearly.
Each Landsat scene was processed with an unsupervised classifier yielding a 25-class partition for each scene. These classes were combined with the derived Normalized Difference Vegetation Index to determine the mean NDVI value for each class (Ingram and Dawson 2005) . In the used scenes, forests yield the highest NDVI values, and almost vegetation-free agricultural areas produced only low NDVI values. A threshold value was established for each scene independently by visually comparing the resulting forest/non-forest map with the input satellite scene texture of known forested and non-forested areas (based on several years of field experience of several of the authors in the region). The yielded threshold values range from 0.2 to 0.4.
Both ASTER scenes show areas of both good and bad plant conditions indicated by corresponding NDVI values: Smaller areas mainly in the north-east show high NDVI values, most likely caused by local precipitations at the onset of the rain season in November 2008 (acquisition date 03 December 2008), the rest show overall low values due to long dryness. Therefore, each scene was divided into smaller portions-the assessment areas described in Table 2 and shown on the result map (Fig. 5) . These areas were assessed using the classifying/NDVI threshold approach described above. All used satellite scenes were cloud free with the exception of the 2001 scene, where 1.5 % of the area of interest was covered. Since opaque clouds were only recorded above areas clearly classified as forest in the subsequent scene, we inferred forest presence also for the 2001 scene.
Finally, each forest/non-forest map was smoothed using a 3 9 3 mode filter in order to reduce noise of saltand-pepper effects resulting from pixel-based NDVI classification. These maps were aggregated into a single deforestation time series. Secondary regrowth is ignored: pixels which were categorized as non-forest in one time step, but were classified as (re)forested in one of the subsequent time steps still were assigned as non-forest. This accounts for the lower ecological value of second-growth forests (lower floral and faunal diversity), since the species composition of plant and animal communities often differs between secondary and old-growth forests (Chazdon 2003; Dunn 2004; Lugo and Helmer 2004; Gardner et al. 2007) . The ecological value of secondary forest in the central Menabe has not been studied in detail (Sorg 2006 ), but by comparing largely undisturbed and secondary forests in the region, it became obvious that lemur diversity and population sizes are lower in secondary forests and endemic species, such as Madame Berthe's mouse lemur or the giant jumping rat depend on dense old-growth dry forest and are not found in secondary regrowth (Smith 1997; Smith et al. 1997; Ganzhorn et al. 1999; Sommer et al. 2002; Dammhahn and Kappeler 2008) .
Temporal structuring
We divided the total monitoring interval of 37 years into eight periods using the acquisition dates of the nine satellite images as separators. Since the eight periods are not of equal lengths (Table 1) , we normalized forest loss by using deforestation per year: forest loss within period (ha)/length of period (d) * 365.
Spatial structuring
We assumed that not all regions within the study area were similarly impacted by deforestation. Forest areas adjacent to villages and around already existing clearings probably experience higher deforestation rates than others (Mertens and Lambin 1997; Etter et al. 2006; Mon et al. 2012) . Therefore, we partitioned the study area into 15 arbitrary geographical assessment areas for the statistical analysis. Each area was named after a village, the concession holder (e.g. CNFEREF) or the name was taken from topographical maps (1:100.000, FTM, Institut National de Géodésie et de Cartographie 1956 de Cartographie , reprint 1980 (Table 2) .
Results
Our forest/non-forest classification in the final map was verified at 121 ground control points. All 78 forest control points (100 %) and 88.4 % of the 43 non-forest points were classified correctly (total classification user accuracy 95.9 %), that is, we tended to classify more deforested areas as forest than vice versa. By sometimes wrongly classifying forest-free areas as forest, we underestimated the true proportion of deforestation making our classification a conservative and robust approach. The proportion of deforestation tends to be even higher than our estimate.
In 1973, the remaining forest cover of the KAFC was approximately 94,743 ha. Within the subsequent 37 years, the forest cover was reduced by 23,353 ha (24.6 %) to only 71,390 ha which means an average annual deforestation rate of 631.6 ha or 0.67 % based on the 1973 forest cover. When taking into account only the period from 1992 to 2010, the annual rate was 872.7 ha or 1.00 % of the 1992 forest cover. Annual deforestation rates were relatively low between 1973 and 1992 (0.42 %) but exceeded 1.3 % between 2000 and 2003 (Fig. 3) . The rate subsequently dropped to less than 0. Not all areas within the KAFC have been equally affected by forest loss. Deforestation rates were highest around certain settlements, namely Lambokely, Kirindy Village, Beroboka North and South and Marofandilia (Figs. 4, 5) .
The most dramatic forest loss was detected in the period from 2008 to 2010 as extensions of already existing agricultural clearings such as Lambokely, Beroboka North and South and along the northern limit of the KAFC at Tsimafana and Tsianaloka (Figs. 4, 5) . 
Discussion
The time series analysis of satellite images suggests rapid deforestation in the central Menabe. Our estimates of deforestation rates match those of Tidd et al. (2001) for the region between the Tomitsy River and the Tsiribihina River and those of Scales (2011) . Although their study periods are not directly comparable to ours and their forest definition seems to be broader than the one we applied, the magnitude of annual deforestation rates corresponds to our results (Table 3) , with a general acceleration over the years despite the fact that forest clearance for agriculture has been illegal since 1987 (Décret no 87-143, 20 April 1987 by the Ministère de l'Environnement, des Eaux et Forêts). Deforestation of the area was already documented by Smith (1997) and Smith et al. (1997) . Deforestation in Menabe is regarded as an almost irreversible process, because these forests have poor regenerative power due to the scarcity or lack of secondary colonizing species and Fig. 4 Relative annual forest loss (%) of 15 areas within the KAFC in 8 study periods. Size of circles depict magnitudes of deforestation rates (larger circles correspond to higher deforestation rates). For higher rates exact figures are included disturbed areas are rapidly invaded by alien plant species (Genini 1996; Lowry II 1997) . Also, secondary regrowths are unsuitable habitats for the endemic forest species (e.g. Madame Berthe's mouse lemur, giant jumping rat; Sommer et al. 2002; Dammhahn and Kappeler 2008) . Thus, the value of such secondary habitats for preserving the forest endemics is highly questionable. \Reasons for deforestation are manifold as in other parts of Madagascar (Brooks et al. 2009; Gorenflo et al. 2011 ). In the case of central Menabe, forest clearance for agriculture is the most important proximate factor (Smith 1997; Smith et al. 1997) . This is particularly obvious in the vicinity of already existing slash-and-burn areas such as the hatsake of Lambokely, Kirindy Village, Beroboka North and South and Marofandilia. However, as Scales (2011 Scales ( , 2012 pointed out, different social, political and economic factors drive deforestation in the central Menabe as in other parts of southwestern Madagascar (Casse et al. 2004 ). For instance, in Tsimafana (zone 1), forest is converted in large quantities into maize fields for market production or in the north-eastern areas of Menabe (zones 4 Salapeno, 6 Masiposa and 7 Ankirisa), the extension of cattle pasture seems to be the main cause for habitat clearing, as local people are predominantly cattle breeders and only marginally practise farming. These areas are of particular interest because deforestation has taken place here within the last years without being noticed by the local authorities. Large concessions and plantations (e.g. the sisal plantation around Beroboka) with subsequent immigration of non-autochthonous people as workers into the area had an over-proportional impact on deforestation and the demography of the region (Scales 2011) .
The extension of already existing clearings not only reduces forest cover but can result also in forest fragmentation. The danger of fragmentation becomes particularly obvious in the Corridor South area (area partition 11) where further forest loss will immediately lead to the separation of the southern Kirindy and the northern Ambadira forests. The cleared areas would constitute a dispersal barrier for forest-dependent species, resulting in a cut-off of gene flow between the Kirindy and Ambadira parts of the KAFC. There is already evidence for a cut-off. A rapid lemur survey in 2007 (Kappeler et al. unpublished data) revealed that the corridor is only functional for Microcebus murinus and to a lesser degree for Mirza coquereli and Phaner furcifer.
In addition to the results of the deforestation identified by satellite images, selective logging is another factor that has a negative impact on the Menabe forests. In contrast to slashand-burn, which is obvious in the satellite data, selective logging also degrades the forest, but is difficult to measure with satellite images. Reliable data on logging are not available.
It might be that deforestation in KAFC was accelerated by an additional factor. It is noticeable that deforestation activities in the central Menabe have been extremely high during times when central governmental control was low, a temporal coincidence also reported by Vågen (2006) for deforestation in parts of the eastern highlands of Madagascar. In the short period between 2000 and 2003, when a political conflict almost turned into a civil war, deforestation increased from less than 500 ha per year (0.5 %) in the period from 1973 to 2000 to more than 1,100 ha (1.4 %) in the following three years. In the post-crisis period from 2003 to 2008, intensive conservation activities were launched in the central Menabe with a series of talks with local authorities and villagers, confiscation of illegally logged wood, surveys and monitoring activities. During this period, the deforestation rate dropped to 706 ha per year (0.9 %). In 2009 and 2010, with a new political crisis associated with considerable civil unrest and reduced governmental control, the deforestation rate in the central Menabe increased to a new record high of more than 1,890 ha per year (2.55 %). Although we cannot provide any statistical evidence for a relationship between political instability with low legal enforcement and the increase in conversion of forest into agriculture, the temporal coincidences are notable. An elevated deforestation rate during times of political instability, in particular on the subsistence level, seems to be a widespread phenomenon (Deacon 1994; Didia 1997; Vågen 2006; Randriamalala and Liu 2010; Freudenberger 2010; Innes 2010; World Bank 2010) .
In the interest of conservation of natural resources and biodiversity in the Central Menabe region, all relevant stakeholders such as the Fanamby NGO, Durrell Wildlife Conservation Trust, Madagascar National Parks, CNFE-REF, WWF, OPCI (l'Organisation Publique de Coopéra-tion Intercommunale) and government offices have united to form the 'Platform for Conservation of Biodiversity and Development in Central Menabe'. The 'platform' agreed that the weak or even non-existing law enforcement is one of the key issues in relation to deforestation in Menabe. The regional direction of environment and forests (DREF) has recently set up the service of investigation and control (SRIC) which manages infractions and law. The main concern of this service is to investigate and follow-up threats and pressures in the forest. However, apparently the service is lacking funds and personnel to implement field visits and control or to work closely with local communities to assist through participatory ecological monitoring. One option to reduce deforestation in Menabe would be technical and financial support of the SRIC.
Future perspectives
Assuming that deforestation will continue at the same amount (631.2 ha a -1 ) as over the whole study period from 1973 to 2010, the KAFC will have lost 50 % of the 1973 forest cover by 2049 (Fig. 6 ). In case of deforestation continues with an average rate similar to that over the period from 1992 to 2010 (713.9 ha a -1 ), the forest cover will be reduced to only 50 % by 2043. With an annual deforestation of 885.2 ha a -1 similar to the rate within the last 10 years, 50 % of the 1973 forest cover will be gone by 2037. However, if deforestation continues with an average annual deforestation as between 2008 and 2010 (1,820 .4 ha a -1 ), but with no further acceleration, the forest cover will be reduced to 50 % by 2023. Such an annual deforestation will lead to a complete loss of forest by 2,049 and with it most, if not all, endemic species. These projections show alarming trends and are cause for serious concern and should lead to an acceleration of conservation activities. 
